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FIGURE
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. Hydrologic section showing local, intermediate, and regional ground-water-flow systems determined from an analytical
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NUMERICAL SIMULATION ANALYSIS OF THE
INTERACTION OF LAKES AND GROUND WATER

By THoMAs C. WINTER

ABSTRACT

Because the interrelationship of lakes and ground water is perhaps
the least understood aspect of lake hydrology, vertical-section, steady-
state, numerical-model simulations were run to evaluate the factors
that control the interaction of lakes and ground water. The study is
concerned only with lakes encircled by water-table mounds that are
at a higher altitude than lake level. Simulations of one-lake and
multiple-lake systems in vertical sections show that for many hydro-
geologic settings, the line (divide) separating local from regional
ground-water flow systems is continuous beneath individual lakes. If
the divide is continuous, there exists a point along it at which the
head is a minimum compared to all other points along the divide.
This point of minimum head is always greater than the head repre-
sented by lake level, therefore in such a setting there can be no move-
ment of lake water through the lake bed to the ground-water system.
In a setting where the divide is not continuous, the lake loses water
through part of its bed, but rarely in the littoral zone of the lake.

Factors that strongly influence the position, shape, and continuity
of the flow-system divide beneath lakes are height of the water table
on the downslope side of the lake relative to lake level, position and
hydraulic conductivity of aquifers within the ground-water reservoir,
ratio of horizontal to vertical hydraulic conductivity of the ground-
water system, and lake depth.

INTRODUCTION

BACKGROUND OF THE STUDY, INCLUDING
PREVIOUS INVESTIGATIONS

Lakes are a valuable natural resource in many areas of
the United States. In addition to being sources of water
supply for many communities, they are the focus of
recreational activity and their aesthetic qualities are
highly valued. That they are a desirable feature is
evidenced by the large number of small reservoirs being
constructed throughout much of the United States for a
wide variety of purposes. Increasingly, lakes are being
used as the focal point in planning urban developments.

Unfortunately, the popularity of lakes often leads to
their deterioration. The increased input of nutrients
through theactivities of man causes the organisms in lakes
to flourish at rates far in excess of natural conditions. This
increased productivity in turn causes chemical changes in
lakes that result in obnoxious odors, fish kills, and

unsightly conditions in the lakes and along their
shorelines.

The number of problem lakes is sharply increasing. In
order to evaluate lake problems and the effect of manage-
ment projects, nutrient budgets and water budgets of lakes
are needed. Only by thorough understanding of the inter-
relationships of lake hydrology, chemistry, and biology
can progress be made in alleviating present lake problems
and preventing more problems from arising.

In recent years, much money and research effort have
been expended to understand the principles of lake
chemistry, biology, and the nutrient balance of lakes. At
the same time, comparatively little money and effort have
been devoted to understanding the principles of lake
hydrology or the water balance of lakes. With few excep-
tions, the relationship of ground water to lakes has been a
minor part of the hydrologic studies, and it remains the
least studied and least understood aspect of lake
hydrology.

In most studies of lake hydrology, atmospheric water
(precipitation and evaporation) and surface-water inter-
change with lakes is measured. Ground water is generally
calculated as the residual. This practice can lead to serious
misunderstandings about the interaction of lakes and
ground water, especially when the error of measurement
inherent in precipitation and particularly evaporation is
considered. Further, only through careful field tech-
niques can streamflow measurement error be kept to
relatively low values.

Some misconception of the interaction of lakes and
ground water has resulted from lack of understanding of
ground-water flow, which leads to inadequate instru-
mentation and data collection. Poorly executed studies
have led to various erroneous ideas concerning the inter-
action of lakes and ground water, to the detriment of
sound lake management. Some scientists and managers
believe all lakes are discharge points of the ground-water
system and therefore do not lose water through their beds.
Others believe that lakes are points of recharge to the
ground-water system. Some believe ground water flows in

1



2 INTERACTION OF LAKES AND GROUND WATER

one side of lakes and out the other, a flow-through condi-
tion. Others believe all three situations exist.

Most studies of the interaction of lakes and ground
water have been in response to a need for water budget
information for a particular lake or groups of lakes. Some
studies have not used observation-well instrumentation to
define the ground-water flow systems, butinstead assumed
certain hydrogeologic conditions. Generally those that
used wells either used too few wells, that is they assumed a
simple relationship between lakes and ground water that
could be determined by one or two wells near the shore-
line, or they installed too many wells within the
immediate drainage basin of the lake. Some studies
assumed that definition of the water table near a lake was
sufficient to understand the interactions.

The relation of ground water to prairie potholes in
North Dakota was studied by Eisenlohr and others (1972).
Although in the early stages of this study the ground-water
component was calculated as a residual, a seepage meas-
uring device was subsequently developed. In latter stages
of the study, wells were placed near some potholes to deter-
mine the relationship of ground-water levels to pothole
water levels (Sloan, 1972).

The ground-water relation to small lakes in Minnesota
was studied by Manson and others (1968) and Allred and
others (1971) by placing one or several wells near the lake
shores. The study approach was similar to that of
Eisenlohr and others (1972). The general conclusion of
these studies was that most of the lakes studied had a net

"loss to ground water.

In a study of Lake Sallie, Minnesota (McBride, 1969), the
ground-water component of the lake-water budget was a
primary interest. Wells were placed within the entire
drainage basin of Lake Sallie to define lateral ground-
water movement. At some sites several closely spaced wells
were completed at different depths to define the vertical
component of ground-water flow. Flow nets were then
constructed to calculate the quantities of ground water
moving into and, in one small area during part of the year,
out of Lake Sallie. McBride used a digital modeling tech-
nique to define the vertical distribution of hydraulic head
in the ground-water system near a lake. His models are of
the flow within the immediate drainage basin of the lake
itself—from the local ground-water divide to the mid-
point of the lake (McBride and Pfannkuch, 1975).

Studies of the interaction between lakes and ground
water similar to those conducted by McBride (1969),
although not using simulation modeling, were done in
Wisconsin by Hackbarth (1968), Hennings (1974), and
Possin (1973). The lakes in these studies are the flow-
through type—ground water enters one side of the lakes,
and the lakes leak to the ground-water system on the other
side.

Meyboom (1966, 1967) studied ground-water flow
systems in the vicinities of lakes and potholes in the prairie

provinces of Canada. Meyboom’s work is some of the first
to examine the problem of determining ground-water
flow systems and the strength and position of ground-
water divides or absence of such divides beneath lakes.
Studies by Freeze (1969a, 1969b) consider the relationship
of ground-water flow systems within large drainage basins
to lakes in the prairie provinces of Canada. The scale of the
hydrologic sections, however, is such that the detailed flow
patterns by the lakes can not be defined.

Williams (1968) examined ground-water flow systems
in vertical sections near small depressions, and the
relationship of those flow systems to wetlands in northern
Illinois. The techniques of investigation and results of the
study were similar to the work of Meyboom. Studies
similar to and using the techniques of Meyboom were also
done in East Germany by Schumann (1973).

A general overview of studies of the interaction of lakes
and ground water, including a literature review, is given
by Born and others (1974). They also discuss and present
conceptual diagrams of many variations of ground-water
flow systems near lakes.

The relationship of ground water to large lakes and
reservoirs has been studied by several Russian hydro-
geologists. Zekizer (1973) discussed the role of ground-
water flow in water and salt balances of Lake Baikal and
the Caspian Sea. Zektzer and Kudelin (1966) discussed the
methods of determining ground-water flow to lakes with
special reference to Lake Ladoga, USSR. Payne (1970)
used radioactive tracer techniques to study the ground-
water aspect of the water balance of Lake Challa, Africa.
Haefeli (1972) has calculated the ground water inflow into
Lake Ontario from the Canadian side. The study made use
of the cross-sectional digital ground-water flow model of
Freeze (1969b). Van Everdingen (1972), as partof an intens-
ive study of the Lake Diefenbaker, Saskatchewan, site, con-
structed a series of piezometer nests (closely-spaced group
of wells, each well completed at a different depth) before
the dam was constructed. The changes in the potentio-
metric level of different aquifers in the ground-water
system were observed as the lake filled. The study showed
reversals of flow within some of the aquifer zones as a
result of the creation of Lake Diefenbaker. A similar study
is under way at the Kendrid Lake site, North Dakota, by
Downey and Paulson (1974).

Careful review of the above literature leads one to the
conclusion that much work needs to be done to identify
and evaluate the factors that control lake hydrology,
especially the factors that control the relationship of
ground water to lakes. The general principles underlying
the interaction of lakes and ground water need to be
defined on theoretical grounds to solve even such basic
problems as determining the optimum number and place-
ment of observation wells needed to define ground-water
flow systems near lakes.

A logical first step in defining the general principles
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controlling the interaction of lakes and ground water is to
use simulation modeling to examine the detailed patterns
of ground-water flow around and beneath lakes for a wide
variety of hydrogeologic settings.

PURPOSE AND SCOPE

The purpose of this report is to examine ground-water
flow systems near lakes through digital models simulating
ground-water flow in vertical sections. Use of such models
makes it possible to examine the general principles of the
interaction of lakes and ground water. By varying shape
and altitude of the water table in relation to lake levels,
lake depth, sediment distribution, size and position of
aquifers within the ground-water system, ratio of
horizontal to vertical hydraulic conductivity, ratio of
hydraulic conductivity of aquifers to that of the sur-
rounding finer-grained materials, and thickness of the
ground-water reservo::, it is possible to locate the posi-
tion and strength (explained later) of the divide that exists
under a lake or the percentage of the lake bottom through
which water moves to the ground-water system if there is
no continuous divide. Although the cross sections are
hypothetical, the values of the parameters listed above are
realistic and representative of physiographic and hydro-
geologic conditions in glacial terrane, the geologic
environment in which most natural lakes occur. Lakes in
this type of terrane are of primary interest in this study, but
the models used to define the interaction of lakes and
ground water and the general principles evolved from this
study should have general application to all types of
geologic terrane.

ACKNOWLEDGMENT

This study constituted part of a dissertation (Winter,
1976a), which was submitted to the Faculty of the
Graduate School at the University of Minnesota in partial
fulfillment of the requirements for the degree of Doctor of
Philosophy. Dr. H, O. Pfannkuch provided overall
guidance during the course of the study. With minor
modifications the dissertation was released to the open-file
(Winter, 1976b).

GROUND-WATER FLOW SYSTEMS

THEORETICAL BACKGROUND

This study is concerned only with two-dimensional,
steady-state, non-homogeneous and (or) anisotropic,
cross-sectional systems. Thus the basic equation of
ground-water flow that is used in this report for defining
the head distribution within the ground-water system is

6—6x [K(x,z)g—i’] + %[K(x,z)z—’:]w, (1)

where K(x,z)=hydraulic conductivity in the two coordi-
nate directions and

6h 6h_ gradient of hydraulic head.
6x 62

Equation 1 results from coupling Darcy’s equation with
the equation of continuity. It assumes that fluid density is
constant and the coordinate axes are aligned collinear
with the principal directions of anisotropy. Development
of the equation is discussed in most textbooks of ground-
water hydrology (e.g., Domenico, 1972; DeWiest, 1965).

In order to solve equation 1, it is necessary to define
mathematically the boundary conditions for the region of
interest. A general model for the type of flow section of
interest in this report is shown in figure 1. This figure
represents an x-z coordinate system that has the origin in
the lower left corner. For any point (P) in the system there
corresponds a value of hydraulic head. Because there is no
flow across the vertical boundaries projected down from
the major divide and the major sink, the head gradient is
zero (—g—ii:o) along the two sides of the diagram. It is also
assumed that the base of the system is impermeable,
thus %"—: 0. The pressure along the water table is
atmospheric and the head (&) there is a function of x only.
The hydraulic conductivity (K) values are different for
each geologic unit within the system. For this study, the
size and position of zones of high hydraulic conductivity
(termed aquifers for convenience) are varied, and the
degree of anisotropy is varied.

Recent development of numerical methods as approx-
imate solutions to the equation of ground-water flow
(Remson and others, 1971; Trescott and Pinder, 1975;
Cooley, 1974; Prickett and Lonnquist, 1971; Freeze, 1969b)
has made it possible to simulate complex ground-water
flow systems. Although a variety of numerical techniques
are being developed, the finite-difference methed has been
well documented and has been used successfully in a
number of studies. The finite-difference models used
herein have been developed by the U.S. Geological Survey
over a number of years (Pinder and Bredehoeft, 1968;
Pinder, 1970; Trescott, 1973; Trescott and Pinder, 1975).

The alternating-direction-implicit method (ADI) was
used to calculate the distribution of hydraulic potential
within some of the cross-sectional simulations but, as
more complex models were considered, it was necessary to
turn to the strongly implicit procedure (SIP) (Stone, 1968).
As an example of SIP’s greater efficiency, some checkruns
were made on the same section, using both numerical tech-
niques; ADI did not converge after 99 iterations, whereas
SIP needed as few as 16. It was found that SIP adequately
handled all conceivable simulations except one, where
extremely high hydraulic conductivity contrasts existed in
close proximity, both in the vertical and horizontal
directions.

MODELS OF HYDROLOGIC SECTIONS

Only two comprehensive theoretical studies appear to
have been published on modeling ground-water flow in
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hydraulic conductivity values to the nodes within lakes.
This proved to adequately simulate lakes because the cal-
culated head values were identical to the initial head
values within each lake simulated in this study.

The least well known parameter needed in the ground-
water-flow model is the ratio of horizontal to vertical
hydraulic conductivity (K /K, ). This ratio has generally
not been determined in glacial terrane and it is a point
around which much of the discussion of the following sec-
tion of this report centers. It will be shown that it is critical
to the interaction of lakes and ground water. If the ratio is
less than 100, lakes rarely lose water to the ground-water
system under the conditions simulated in the models and if
the ratio is greater than 1,000, lakes lose water under many
conditions. If the ratio is between 100 and 1,000, other
factors that control ground-water flow become more
important in the relationship of ground water to lakes.

Weeks (1969) measured K}, /K, within a single outwash
sand and gravel aquifer in Wisconsin and found the ratio
to be not more than 20. Vecchioli and others (1974) cal-
culated K, /K,, for part of the drift section of Long Island,
New York as approximately 500. Bennett and Giusti
(1971), in using electric-analog techniques to study
ground-water flow in the coastal plain of Puerto Rico,
show that the ratio had to be 1,000 for the simulations to
match field data. The importance of this parameter in
ground-water-flow modeling has been recognized because
it is the topic of recent papers by Freeze (1972) and Gillham
and Farvolden (1974). Freeze concludes that K}, /K,, values
of 100 or larger are not uncommon, and in fact were
necessary to correlate simulations with field measure-
ments in his study of the Old Wives Lake basin in
Saskatchewan (Freeze, 1969a). Gillham and Farvolden
(1974) tested the sensitivity of the ratio and found it to be
particularly important in areas of recharge and discharge.

Considering the above studies, the models discussed in
the following section of this report use both 100 and 1,000
as lower and upper examples.

GROUND-WATER-FLOW DIAGRAMS

Much of the remainder of this report is a discussion of
ground-water flow systems near lakes, which are best
illustrated by diagrams showing ground-water flow in
cross section. Understanding of the important features of
this type of diagram is basic to the discussion of the
simulation results. A ground-water-flow diagram shows
the distribution of hydraulic head within the ground-
water system. After the head is calculated for each node,
lines of equal head, equipotential lines, are drawn.
Ground-water flow lines are drawn perpendicular to the
equipotential lines, if the medium is isotropic. Equipo-
tential lines are the projections of water-table contours
into the subsurface (figure 4).

The finite difference grid used in this study is a network
of uniform rectangles. About 900 nodes were used for the

one-lake simulations and about 1,800 nodes for the three-
lake simulations. .

To give the most accurate picture of ground-water flow
systems, and to estimate relative quantities of ground
water moving through various parts of the ground-water
reservoir, a flow net should be drawn. Construction of a
quantitative flow net in a medium that is isotropic (K}, /
K,=1), requires that flow lines and equipotential lines be
orthogonal such that curvilinear squares are formed
(Harr, 1962).

If the medium is anisotropic (K}, /K, #1) the squares are
deformed according to the degree of anisotropy. In this
study, K},/K,, is either 100 or 1,000. To compensate for the
anisotropy, in homogeneous media equation 1 can be
transformed to the LaPlace equation by a transformation
of coordinates. The scale factor used to do this, which was
not applied to the diagrams in this report (discussed later),
is the square root of the ratio K, /K,, (Harr, 1962, p. 29).

A requirement for constructing precise flow nets is that
the section have no vertical exaggeration (Van
Everdingen, 1963). Vertical exaggeration is usually used
for convenience in illustrating important details of
geology and ground-water movement that would be lost if
the true scales were used. The sections discussed in this
study have a vertical exaggeration of 80:1. Because the
graphical correction of Van Everdingen (1963) was not
applied to the sections in this study, they cannot be used as
exact quantitative diagrams. The diagrams of Van
Everdingen (1963) provide good examples of the effect of
the correction on the ground-water-flow fields. The effect
basically is that the corrected flow nets are much more
rectangular and the local systems extend deeper into the
ground-water reservoir than in flow sections not corrected
for vertical exaggeration. The flow nets (figures 4 and 5)
were drawn as if the porous medium were isotropic and
homogeneous merely to show the general concept of flow
nets and the different-magnitude flow systems that can
occur near lakes and within the ground-water reservoir.
Although the two flow nets drawn for this study are not
quantitatively precise, they do show relative proportions
of flow in different parts of the ground-water system.

The ground-water system illustrated in figure 4 consists
of several flow systems of different magnitude. The upper
part of the ground-water system consists largely of local
flow systems where water moves from high points on the
water table (water-table mounds) to adjacent lowlands
occupied by lakes. Regional ground-water flow occurs
deep in the system. Recharge to the regional flow system
occurs at the major drainage divide and discharge from
this system is to the major drain (stream). A zone of inter-
mediate flow (darkly stippled area) is recharged at the
water-table mound between lakes 2 and 3 and is dis-
charged into lake 1. It should be noted, but will be dis-
cussed in more detail later, that much more ground water
moves through local flow systems than through the deep
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GROUND-WATER-FLOW DIAGRAMS 9

regional system as shown by the closer spacing of the flow
lines in the local systems. A thorough discussion of similar
type ground-water-flow diagrams is given by Téth (1963),
Meyboom (1966, 1967), and Freeze (1969b).

Of special interest to this study are the lines, hereafter
referred to as divides, separating the several types of flow
systems. In following the line dividing the zone of local
flow from zones of larger magnitude flow (by lake 3, fig. 4,
for example), it should be noticed that there is a point on
the divide at which the head is a minimum compared to
every other point along the divide. This point of
minimum head occurs beneath the shoreline on the down-
slope side of the lake. In the case illustrated, the hydraulic
head at this pointis 2.2 feet (0.7 m) higher than the water-
level altitude of lake 3. The hydraulic head everywhere else
along the divide is greater than 2.2 feet (0.7 m) above the
lake-level altitude. Thus, under the given conditions, it is
impossible for water to move from the lake to the ground-
water system because the hydraulic gradient is upward
toward the lake bottom.

This point of minimum head is the stagnation point
commonly referred to in the ground-water-flow literature
(for example, Harr, 1962). It is a point in the flow field at
which vectors of flow are equal in opposite directions and
therefore cancel. A value of head exists at the stagnation
point and, as will be shown below, it is this value of head
relative to the head represented by lake level that is of
prime interest in understanding the interaction of lakes
and ground water. If a stagnation point exists that has a
head greater than that of lake level, a continuous ground-
water divide exists beneath the lake making it impossible
for water to move against the hydraulic gradient from the
lake to the ground-water system. The position of the
stagnation point is determined by the distribution of head
within the ground-water system.

The stagnation point is a point of diversion of ground-
water-flow paths (fig. 4). Water moving downward from
the water-table mound on the downslope side of the lake is
diverted upward toward the lake. A small amount of water
that moves beneath the lake from the upslope side is
diverted upward toward the lake on the downslope side.
Water moving in the local or intermediate flow systems of
the lakes at lower altitudes is diverted downslope and
water moving in the regional flow system is diverted
deeper into the ground-water reservoir.

Much of the remainder of the report is concerned with
the effect of varying the height of the water table in
relation to lake level, K,/K,, Kqq/K, (ratio of the
hydraulic conductivity of aquifers to that of ‘the sur-
rounding till), position and size of aquifers, and lake
depth, on the position and head value of the stagnation
point relative to lake level.

To illustrate the effect of varying several parameters on
the ground-water flow systems in general and the stagna-
tion point in particular, figures 4 and 5 can be compared.

The presence of aquifers of limited extent, which have
hydraulic conductivity 1,000 times greater than the till and
are at an intermediate depth within the ground-water
system, change the configuration of the flow systems. The
aquifers also decrease the head at the stagnation points
relative to the level of each lake and move the points closer
to the bottom of lakes 1 and 2. In addition to having a
limited aquifer beneath the water-table mound between
lakes 2 and 8, the height of the water table was decreased on
both sides of lake 3. These two changes near lake 3 resultin
reduced local ground-water flow into one-half of lake 3 on
the upslope side, a small amount of ground-water flow
into thelittoral zone of the lake on the downslope side, and
loss of lake water to the ground-water system through
most of the downslope half of the lake bottom.

To appreciate fully the discussion in the following part
of the report, the diversion of ground-water-flow lines
caused by the presence of aquifers of limited extent within
the till should be noted (fig. 5). It should be noted also that
an intermediate flow system was sketched in figure 4, but
not in figure 5. Although an intermediate flow system
could have been included in figure 5 and deleted from
figure 4, the intermediate system was included in figure 4
to illustrate where such systems can occur, where they are
recharged, and where they discharge. The intermediate
system could be recharged at any of the upper three water
table mounds or discharged into any of the lower lakes or
the major drain. Such systems have importance especially
in explaining differences in water chemistry in lakes
occurring at different altitudes in a region.

Ground-water chemistry is controlled partly by the
length of time a particle of water is in contact with
minerals in the geologic framework through which the
water flows. Thus, the longer the flow path, or the lower
the hydraulic conductivity, the longer the residence time,
and the greater will be the opportunity for chemical inter-
change. For lakes situated on geologic materials of similar
hydraulic conductivity, those that receive ground water
from intermediate or large local ground-water flow
systems are more likely to contain more, and a wider
variety of, dissolved minerals than lakes that receive
ground water from small local flow systems. It will be seen
in the remainder of the report that the size of local flow
systems alone can vary widely. Therefore, the large varia-
tion in lake-water chemistry that is so frequently noted in
lakes in close proximity in many lake regions is not at all
surprising. On the contrary, after becoming aware of the
factors that control the interaction of lakes and ground
water discussed in this report, and realizing that virtually
every lake has its unique ground water contribution, a
wide variety in the chemistry of lakes should be expected.

Because the stagnation point is the key to under-
standing the relation of ground-water to lakes and it is
determined by the distribution of head, the remainder of
the illustrations in the report are contoured computer
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ONE-LAKE SYSTEM 11

printouts that show only isopotential lines. The isopleth
interval is variable; only enough lines were drawn to
depict the general distribution of hydraulic head, the
specific location and head of the stagnation point, or the
percent of lake bottom through which the lake loses water
to the ground-water system. Figure 4, a specially con-
structed flow net, can be compared with figure 6, a con-
toured computer printout, to aid in understanding the
remainder of the illustrations in this report. Both
diagrams are of identical settings.

The following sections of the report discuss two general
settings. In the first, one lake is situated within the side of a
drainage basin. The interaction of lakes and ground water
is thoroughly studied for this type of setting by examining
all possible combinations of the parameters mentioned
previously. In the second general setting, three lakes are
situated within the side of a drainage basin to examine the
relationship of the lakes to each other and to compare the
results to the one-lake setting.

The diagrams of vertical ground-water flow are dis-
cussed in dimensionless terms. But because lakes in glacial
terrane are of primary interest in this study, the
dimensions expected to be of most general interest are also
given.

It must be kept in mind, however, that the specific
results of this study apply to ground-water systems that
approximate the given conditions. If the boundaries were
greatly changed relative to each other, the problem would
then be changed. However, if the new problem were an-
alyzed as in this study, the general conclusions would be
similar to this study.

ONE-LAKE SYSTEM

The approximate dimensions, relative to total length
and thickness of the ground-water system, of features in
the one-lake system are given in the following paragraphs
and in figure 7. Realistic examples of the dimensions are
shown in parentheses.

The thickness of the system ranges from 0.357 (70 ft; 21
m) at the lower end of the basin to T (as much as 200 ft; 61
m) at the upper end. The length of the system (L) is
approximately 6 miles (9 km). The height of the water
table above lake level is varied between 0.20T and 0.35T
(40 and 70 ft; 12 and 21 m) on the upslope side of the lake
and between 0.05T and 0.107 (10 and 20 ft; 3 and 6 m) on
the downslope side. Lake depths simulated are 0.05T and
0.25T (10 and 50 ft; 3 and 15 m). Values of K}, /K,
(horizontal to vertical hydraulic-conductivity ratio) used
in the simulations are 100 and 1,000. Simulated aquifers
vary from full aquifers (0.05TxL) that extend the entire
length of the basin to aquifers of limited extent
(0.05Tx0.25L) that occur upslope from the lake (center
point at 0.85L), beneath the lake (center point at 0.60L),

and downslope from the lake (center point at 0.35L). The
aquifers are placed both at the base and at an intermediate
level (center point at 0.25T above the base of the system) of
the ground-water reservoir. The lake surface is at 0.65T
above the base and the midpoint is about 0.60L from the
downslope end of the section for all simulations of the
one-lake system. The system simulated can be thought of
as a ground-water reservoir that has a datum of 100 feet (30
m) (bottom of the ground-water reservoir). The values of
head are in feet relative to that datum, thus the lake surface
has an altitude of 230 feet (70 m), the higher water table at
the upslope end of the section 300 feet (100 m), and the
water table at the downslope end 170 feet (52 m).

A large number of simulations could be run varying
each of these parameters. Generally, the parameters are
varied between two values so the general direction of
change of the stagnation point could be determined. If a
change in a parameter lowers the head at the stagnation
point relative to lake level, an even greater change of that
parameter in the same direction would lower the head at
the point even more.

The pattern of ground-water flow near a lake that has a
water table 0.35T higher than lake level on the upslope
side and 0.17 higher on the downslope side, has no sedi-
ments, and K}, /K =1,000, is shown in figure 8. A ground-
water divide occurs deep beneath the lake that has a head at
the stagnation point 0.0097 (1.8 ft; 0.5 m) higher than lake
level. The position of the stagnation point is approx-
imately 0.2T above the base of the system. In contrast, if
lake sediments are simulated, and all other parameters are
held constant, the ground-water divide shifts slightly
upward, and the head at the stagnation point increases to
0.02T (4.2 ft; 1.3 m) higher than lake level (fig. 9). Thus, it
is evident that the presence of lake sediments has a signi-
ficant effect on the position and head of the stagnation
point. Because lakes without sediments are virtually
unknown, much of the remainder of this report is con-
cerned with lakes that have a sediment layer.

The effect on the interaction of lakes and ground water
of lowering the water table 0.057 (10 ft; 3 m) on the down-
slope side and holding all other parameters as in figure 9,
is shown in figure 10. The head at the stagnation point
drops to 0.007T (1.4 ft; 0.4 m) above lake level and the
point moves closer to the bottom of the lake. Again,
holding all parameters as in figure 10, but lowering the
water table on the upslope side of the lake to 0.20T (40 ft;
12 m) above lake level, decreases the head at the stagnation
point to 0.004T (0.9 ft; 0.3 m) above lake level (fig. 11). The
stagnation point remains at about the same position as in
figure 10. This suggests that the height of the water table
relative to lake level on the upslope side of a lake has less
influence on the stagnation point of the ground-water
divide beneath a lake than that on the downslope side.
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ONE-LAKE SYSTEM 15

The presence of extensive aquifers within the ground-
water reservoir has a significant effect on the interaction of
lakes and ground water as seen in figure 12. Given the
same setting as in figure 9, but simulating an aquifer at the
base of the ground-water system that extends the full
length of the basin and has K.q /K, =100, decreases the
head at the stagnation point from 0,027 (4.2 ft; 1.3 m)
(figure 9) to 0.0017 (0.2 ft; 0.1 m) higher than lake level.
Again, holding all parameters constant, but increasing
K,4/K, 101,000 causes the lake to lose water to the ground-
water system through its entire bed (fig. 13).

The effect on the interaction of lakes and ground water
of raising the extensive aquifer vertically to the 0.25T
(intermediate) level in the ground-water system, where the
setting is otherwise similar to figure 12, is shown in figure
14. The weak ground-water divide (head at the stagnation
point is 0.0017 (0.2 ft; 0.1 m) higher than lake level) in the
former is obliterated and the lake loses water through
three-eighths of its bed.

The position of smaller aquifers of limited extent
within the ground-water reservoir also has varying
influences on the interaction of lakes and ground water.
All parameters other than the location of the limited
aquifer at the base of the ground-water system are held
constant in figures 15, 16, and 17. In the simulation that
has a limited basal aquifer upslope from the lake (0.85L)
(figure 15), the head at the stagnation point is 0.0067 (1.3
ft; 0.4 m) above lake level. With the limited basal aquifer
beneath the lake (0.60L) (figure 16), the head at the stagna-
tion point is 0.0097 (1.8 ft; 0.5 m) above lake level. The
limited basal aquifer underlying the water-table mound
on the downslope side of the lake (0.35L) causes the lake to
lose water through three-eighths of its bed (figure 17).

Similar patterns of ground-water flow near lakes hold
for settings that have aquifers at the same position
laterally but moved vertically to 0.25T above the base of
the ground-water system. One difference is that, if a
limited aquifer directly beneath a lake is raised vertically,
it tends to increase the head at the stagnation point. In a
section simulating this situation, the head at the stagna-
tion point increases from 0.0097 (1.8 ft; 0.5 m) (figure 16)
to 0.012T (2.5 ft; 0.8 m) higher than lake level with the
aquifer at the higher position. If the limited aquifer is
raised to directly under, and in contact with, the lake sedi-
ments, the head at the stagnation point increases t0 0.016T
(3.3 ft; 1.0 m) higher than the lake level. If the aquifer is at
an intermediate level but downslope from the lake (0.257,
0.35L), a situation parallel to that shown in figure 17, the
percentage of lake bottom through which water moves to
the ground-water system increases from three-eighths to
four-eighths.

These simulations suggest that the position of limited
aquifers beneath or upslope from a lake has little influence
on the interaction of lakes and ground water. But if the
limited aquifer underlies the water-table mound on the

downslope side of the lake, there is a strong tendency for
the head at the stagnation point to be only slightly above
lake level, if at all; in the latter case the lake loses water
through part of its bed.

The effect of lake depth on the interaction of lakes and
ground water can be seen by comparing figure 18 with
figure 12. All parameters in these two simulations, except
depth, are identical. The small difference between lake
level and head at the stagnation point associated with the
shallow lake (fig. 12) is eradicated in the deep-lake setting,
and the lake loses water through about six tenths of its bed.
This example is one of the more dramatic in comparing
ground-water flow near shallow and deep lakes. In some
simulations the difference is not as great, but in all cases
the difference between lake level and the head at the
stagnation point for deep lakes is less, or they have more
tendency to lose water, than shallow lakes in equivalent
settings.

It is evident that a large number of simulations would be
needed to examine all possible combinations of the
variables considered in this study. To keep the analysis as
simple as possible, yet show the underlying relationships
of the interaction of lakes and ground water, a parallel
series of lake-ground water settings are compared and
summarized in table 1. At first glance the table might seem
complex, but with a little study it is not so formidable. It
should be realized that many variables are summarized in
this one table.

The table consists of four quadrants, each of which is
subdivided into four subquadrants. Each subquadrant has
an upper and a lower part. For ease of discussion, the
different parts of the table are referred to as shown in figure
19. The major quadrants are the combinations of
hydraulic conductivity (Kp/K, and K,, /K, ) used in the
study. In quadrant I, both ratios are 100 and in quadrant
IV, both are 1,000. Within the subquadrants are combina-
tions of the height of the water table above lake level for
both sides of the lake. In subquadrant I-1 the water table is
0.35T (70 ft; 21 m) higher on the upslope side and 0.107 (20
ft; 6 m) higher on the downslope side. In subquadrant I-4,
the water table on the upslope side is 0.207 (40 ft; 12 m)
higher than lake level and 0.05T (10 ft; 3 m) higher on the
downslope side. Within each of the subquadrants, the
upper part (a) refers to shallow lakes and the lower part (b),
refers to deep lakes. Within each part (a and b), the
position and size of the aquifers are listed in a parallel
fashion as follows:

FB-Full (extensive) aquifer at the base of the ground-
water system.
FM-Full (extensive) aquifer at an intermediate level
(0.25T) of the ground-water system.
PBU-Partial (limited extent) aquifer at the base of the
ground-water system upslope from the lake (0.85L).
PBB-Partial (limited extent) aquifer at the base of the
ground-water system beneath the lake (0.60L).
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INTERACTION OF LAKES AND GROUND WATER

TasLe |.—Results of digital simulations of the one-lake system—comparison of the effects
of all combinations of the parameters tested that conirol ground-water flow on lake-
ground water interaction.

[0.35T, 0.10T: height of water table above lake level on upslope and downslope sides, respectively]

102

Ko

10°

/4
r 0.351, 0.107 0.35T, 0,057 0.351, 0,101 0.35T, 0.05T
113) 10°-78* (4 (0.19 113 24) 10-FB (1.3) D | 21) 10-FB  (0.2) D 25) 10-FB (4/8) L
34) 5 (5.00 U [36) M (1.7) D | 35) M (3/8) L M L
PBU D PBU D PBU D PBU D
PBB D PBB D PBB D PBB D
PBD D PBD D 40) PBD (0.8) D 43) PBD (1/8) L
PMU D PMU D PMU D PMU D
PMB D PMB D PMB D PMB D
PMD D _|56) PD (0.1) D 5) P (1/8) L PMD L
|'16) ™ (2) 0.7, D ﬁ‘) FB  (6.8) L]
15) M (4) () Db/l
50-FB D |66) S0-FB (0.7) D | 65) 50-FB (6/10) L 67) SO-FB (6/10) L
™ D 70) M (0.8) D FM L P L
PBU D PBU D PBU D PBU D
PBB D PBB D PBB D PBB D
PBD D 76) PBD (3/10) L 74) PBD (4/10) L PBD L
PMU D PMU D PMU D PMU D
PMB D PMB D PMB D PMB D
2| ™ PMD (RF®0.5)D PMD L PMD L PMD L
0.20T, 0,10T 0,207, 0.05T 0.201, 0.10T 0.20T, 0.05T
28) 10-FB (2.8) D 31) 10-FB (0.5 D 29) 10-FB (5/8) L 32) 10-FB (7/8) L
™ D 37) ™ (0.6) D M L ™ L
PBU D PBU D PBU D PBU D
PBB D PBB D PBB D PBB D
44) PBD (RF 0.5)D 48) PBD (=) D/L| 45) PBD (0.2) D PBD L
PMU D PMU D PMU D PMU D
PMB D PMB D D PMB D
PMD D 58) PMD (>) D/L| 57) PMD (2/8) L PMD L
68) 50-FB (1.3) D |69) 50-FB (0.1) D 50-FB L 50-FB L
71) M (2.1) D 72) P (0.4) D ™ L ™ L
PBU D PBU D PBU D PBU D
PBB D PBRB D PBB D PBB D
) PED (0.3) D PBD L PED L PED L
PMU D PMU D PMU D PMU D
PMB D PMB D PMB D PMB D
aq 80) PMD (RF 0.6)D | 81) PMD (2/10) L PMD L o L
K 0.35T, 0.107 0.35T, 0.06T 0.35T, 0.10T 0,351, 0,057
ba 22) 10-FB (2/8) L |26) 10-FB (3/8) L | 23) 10-FB (8/8) L 27) 10-FB  (8/8) L
20) ™ 7/8) L ™ L |19 (2)(8/8) L M L
PBU D PBU D PBU D PBU D
PBB D PBB D PBB D PBB D
41) PED (0.1) D PED L | 42) PBD (0.4) D PED L
PMU D PMU D PMU D PMU D
PMB D PMB D PMB D PMB D
PMD L. PMD L PMD L PMD L
17) M (4) (8/8) L [0  micarcern t]
18) ™ (2) (7/8) L
50-FB L S0-FB L 50-FB L 50-FB L
M L ™ L FM L FM L
PBU D PBU D PBU D PBU D
PBB D PBB D PBB D PBB D
75) PBD (5/10) L PBD L PBD L PBD L
™Y D PMU D PMU D MU D
3 PMB D PMB D PMB D PMB D
I 0 PMD L PMD L PMD L PMD L
0.201, 0.10F 0,207, 0.05T 0,201, 0.10T 0.201, 0.05T
30) 10-FB (6/8) L [33) 10-FB (7/8) L 10-FB L 10-FB L
™ L P L FM L ™ L
PBU D PBU D PBU D 38) PBU (1.3) D
PBB D PBB D PBB D 39) PBB (1.8) D
46) PED (=) /L f49) PED (2/8) L |47) PBD (2/8) L s0)  PBD (3/8) L
MU D PMU D PMU D 52) PMU (1.4) D
PMB D PMB D PMB D 53) PMB (2.5) D
PMD L PMD L PMD L 59 PMD (4/8) L
[54) BB (3.3) n]
51) PBU
pes® (2/8) L
50~FB L 50-FB L 50-FB L 50-FB L
M L FM L ™ A ™M L
PBU D PBU D PBU D PBU D
PBB D PBB D PRR D al PBB (1.6) D
PBD L PBD L PBD L PBD L
PMU D PMU D Lo D 78) PMU (1.2) D
PMB D PMB D PMB D PMB D
PMD L PMD L PMD L PMD L

1

2 ake depth.
are deep lakes (0.35T).
3Aqu1£er position.

Simulation number, keyed to table 2.
In each cell, entries abuve dashed line are shallow lakes (0.05T) and those below it

(See text for explanation.)

I'Thickneu of aquifer if greater than 0.05T; 2=0.10T, 4=0.20T.
S1f decimal, height of head, in feet, of stagnation point above lake level; if fraction, proportion

of lake bed that leaks.

6D, divide exists beneath lake; L, lake loses water through its bed.
7 e indicates the stagnation point is at the threshold of being obliterated—the head value is the

same as lake level.

RF, influence of the water-table mound on the downslope side of a lake extends to the base of the
ground-water system, such that at the base the gradient of head is to the right (upslope direction) and
there is no regional movement beyond that point.
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FicurE 19.—Sketch showing key to table 1.

PBD-Partial (limited extent) aquifer at the base of the
ground-water system downslope from the lake
(0.35L).

PMU-Partial (limited extent) aquifer at an intermediate
level of the ground-water system upslope from
the lake (0.25T, 0.85L).

PMB-Partial (limited extent) aquifer at an intermediate
level of the ground-water system beneath the
lake (0.25T, 0.60L).

PMD-Partial (limited extent) aquifer at an intermediate
level of the ground-water system downslope from
the lake (0.25T, 0.85L).

The simulations shown in brackets in table 1 are
included for comparison purposes. They are generally of
settings similar to one in the subquadrant but, for
example, the aquifer might be more than one node thick.

Table 2 is a general summary of the one-lake simula-
tions run for this study, and it includes those simulations
in which aquifers were not included.

The parallel construction of table 1 makes it relatively
easy to compare the effect of changes in the various para-
meters on the interaction of lakes and ground water. If
interest is in the effect of different hydraulic conductivity
ratios for given water-table combinations, aquifer sizeand
position, and lake depth, that setting is found in
equivalent positions in the major quadrants. For example,
if one wishes to compare settings where K, /K, 1is 100 to
another where it is 1,000, and the setting has a water table
0.35T (70 ft; 21 m) higher than lake level on the upslope
side and 0.05T (10 ft; 3 m) higher on the downslope side,
K, /K, is 1,000, and the lake is 0.05T (10 ft; 3 m) deep, sub-
quadrant I1-2a can be compared with subquadrant IV-2a
for whatever aquifer situation is of interest. If interest is in
comparison of different water table configurations for
given hydraulic conductivity ratios, this can be done
within a major quadrant.

The arrangement of table 1 is such that there is a general
trend for the difference between lake level and head at the
stagnation point to become less and for the potential for
water loss from the lake to increase as one moves from
quadrantI to quadrant IV. An example of this can be seen
by comparing the PBD setting for shallow lakes in each
subquadrant 8. In subquadrant I-8, a ground-water divide
exists that extends to the base of the ground-water reservoir
(RF 0.5) (RF indicates reverse flow along the base of the
system). In subquadrant II-3 the ground-water divide
weakens to where the head at the stagnation point is
0.001T (0.2 ft; 0.1 m) higher than lake level. In sub-
quadrant I11-3 the ground-water divide is at the threshold
of being obliterated () and the lake losing water. And in
subquadrant IV-3, where the hydraulic conductivity ratios
are highest, the lake loses water through two-eighths of its
bed.

For the type of hydrogeologic settings considered in this
report, knowing the effect of a certain direction of change
of a given parameter on the head at the stagnation point
makes simulation of every possible combination of para-
meters unnecessary. If it can be shown that a ground-water
divide exists beneath a lake in a setting that has greatest
potential for water loss (for example, PBU in sub-
quadrant IV-4) then an even stronger divide will exist in
settings where this potential is less. Conversely, if a lake
loses water in a setting that has greatest potential for a
divide to exist (for example, PBD in sub-quadrant I-2b
then it should lose even more water in settings where the
potential for water loss is greater. In these cases, one
simulation is sufficient to determine the relationship for
eight others, In some situations, the simulation may have
even greater implications because if a shallow lake loses
water for a given setting, a deep lake in a similar setting
will lose even more water.
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TaBLE 2.—Summary of simulations of one-lake system
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3-11:20.71

3-11:17.24
3-13:14.95
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d3quny

1
2
3
4
5

noy

4-1 : 9.16
3-17:23.54
3-18:24.67
3-17:22.66

3-28: 4.71
3-18: 5.60

11
12
13
14
15

3-18:23.72
3-14:10.57
3-19:23.22
3-28:10.08
3-19:25.64

3-17: 8.17
3-31: 9.19

3-28: 9.55

4-11: 7.31
4-11:

16
17
18
19
20
21
22

23
24
25

3.37
5.28

4-10: 3.79
4-10: 6.05
84

3-28: 9.51
3-31:

26
27
28
29
30
31

:16.83

4-1 : 9.73

4-14: 3.41

32
33

8-4 :16.88
8-4 : 4.11
8-5 :17.21
8-5 :16.60
4-4 1 9.43
4-1 :12.80

4=t

34
35

36
37
38
39
40

62
13
40

: 4.46

8-5 :20
8-5 :18
4-3 :11
44

42
43
44
45

9.54
5.08

4-4 :10.74
4-3 :10.65
4-3 :

4-3 :10.15
4-7 :10.38
8-4 :16.90

4-8

4-3 :
=

4.98
9 : 4.78
4=4 : B8.96

8-5 :17.07

b4l

46
47
48
49
50
51

52
53
54
55
56
57

8.00

8-4 :16.87
4-2 :11.88
3-24: 7.79
3-24:

58
59
60
61

7.95
3-22: 8.99
3-27: 4.18
8-7 :16.73
8-7 : 4.70

8-6 :15.40
8-6 :19.32
8-7 :15.83
8-7 :15.36
8~6 :15.61
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63
64
65

66
67
68
69
70
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72
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30
90
19
11
98

8-7 :15
8-7 :14
8-7 :21
8-6 :16
8-7 :15

8-6 :17

8-7 :21
8-7

8-7
laquifer
25,

74
75
76
77
78
79

80
81

4aquifer thickness is 0.10T.

extends full length of the basin.

quifer d

SAquifer is in contact with base of sediments.

oes not extend full length of the basin.

hickness is 0.20T.

3aquifer t
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Some general relationships concerning the one-lake
system can be deduced from table 1. For most hydro-
geologic settings as simulated in this study, the following
changes in parameters tend to weaken the difference in
head between the lake and the stagnation point beneath a
lake or tend to cause a lake to lose water: (1) Lowering the
water table on either side of a lake (lowering it on the
downslope side has a greater effect than lowering it on the
upslope side), (2) increasing K /K, (3) increasing the
hydraulic conductivity of aquifers relative to the dll,
which has a slightly greater effect than increasing K}, /K,
{4) increasing the depth of a lake, and (5) raising aquifers
from the base to an intermediate level in the ground-water
system. An exception to statement 5 is the situation where
an extensive aquifer that has low K}, /K, and low K44 /K,
(quadrant 1, table 1) is raised from the base to an inter-
mediate level. In this case the head at the stagnation point
increases slightly.

Aquifers that extend the full length of the ground-water
basin have a greater effect on the interaction of lakes and
ground water than limited aquifers. If no aquifer is
present, a lake generally will not lose water even if K, /K,
is 1,000 (table 2). Limited aquifers upslope and beneath a
lake have little effect on the ground-water divide beneath a
lake. Under the conditions simulated in this study,
aquifers in these positions will not cause the divide to
weaken regardless of the hydraulic conductivity of the
medium. Limited aquifers downslope from a lake,
whether at the base or at an intermediate level of the
ground-water system, have a significant effect on the inter-
action of lakes and ground water because under many
conditionsof highX, /K, andK ;, /K, and low water-table
configurations, a lake will have a weak ground-water
divide or will lose water. In every simulation run for this
study, the stagnation point associated with the ground-
water divide is always under the downslope littoral or
shoreline zone of a lake. This has particular significance
whendesigning an observation-well program for studying
the interaction of lakes and ground water because deter-
mining the position and head, or absence, of the stagna-
tion point is the key to the relationship.

MULTIPLE-LAKE SYSTEM

In many geologic environments, lakes occur at different
altitudes within major drainage basins. Although it is a
common belief that water moves successively from higher
lakes to lower lakes through the ground-water system
within a major drainage basin—a situation where all the
lakes would be the flow-through type, it is shown in the
following discussion that this may not be the case. Digital
simulations were run of a number of variations in the
hydrogeologic setting of three lakes along a regional slope
from a major divide to a major drain. The vertical
exaggeration of the sections are the same as those in the
one-lake system (80:1).

MODERATE REGIONAL SLOPE AND LOCAL RELIEF

The length and thickness dimensions of the multiple-
lake systemn are different from those of the one-lake system,
thus the proportions of the features are different. As before,
the dimensions in parentheses are included as examples of
realistic field situations.

A three-lake simulation set will be discussed later in
which the models are of a system that has a water table
with very low regional slope, a physiographic condition
common in many geologic terranes.

One type of lake-ground water setting not simulated in
this study is that of a straight-line, sloping water table
between adjacent lakes. As will be apparent in the
following sections of this report, the height of the water
table mound on the downslope side of a lake relative to
lake level is an important control on the interaction of
lakes and ground water. Lakes in a setting of a straight-
line water table simply would gain ground-water inflow
on one side and lose water out the other.

The thickness of the ground-water reservoir of the three-
lake system ranges from T (as much as 250 ft; 76 m) on the
upslope end of the section to 0.407 (100 ft; 33 m) on the
downslope end. The height of the water table above lake
level on the regional upslope sides of the two lower lakes is
0.207 (50 ft; 15 m) and on the downslope side of all three
lakes is 0.08T (20 ft; 6 m). The highest lake in the section
has the water table 0.127 (30 ft; 9 m) above lake level on the
upslope side. The difference between the level of the
highest lake and the elevation of the water table on the
upslope side of that lake was purposely made less than the
two lower lakes because it is believed that lakes that occur
high topographically are more likely to have lower water
tables adjacent to them than the lower lakes. The water-
table altitudes were varied in some of the simulations. The
dimensions of the shallow lakes are about 0.1L wide and
0.20T deep. The aquifers are about 0.04T thick and those
of limited areal extentare0.15L long. As before, the datum
for the head values is 100.

The positions of the three lakes are as follows: The
surface of lake 1 is about 0.65T above the base and 0.32L
from the left side of the section, lake 2 is at 0.75T and
0.60L, and lake 3 is at 0.887 and 0.85L. The aquifers are
positioned at the base and, if at an intermediate level, at
0.30T above the base. The lateral position of the limited
aquifers varies as noted in the text.

A simulation of a three-lake system in which each lake is
shallow, is underlain by sediment, has a 0.087 (20 ft; 6 m)
water-table mound on the downslope side of each, has a
ground-water system whose X, /K, is 1,000, and contains
no aquifers, is shown in figure 6. The position and head of
the stagnation point on the ground-water divide beneath
each lake is shown as in the discussion of the one-lake
simulations. Under the given conditions, each lake gains
ground-water discharge from its own local ground-water
flow system, and each is completely isolated from the
others.
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For the three-lake system, comparison of all possible
combinations of different water-table altitudes, lake
depths, hydraulic conductivity ratios, and size and posi-
tion of aquifers, as was done for the one-lake system,
would lead to a far more complex summary table. The
basic goal of simulating the multiple-lake system is to
determine if the lakes have interrelationships with each
other that would not be evident in simulations of the one-
lake system. The results of the multiple-lake simulations
in which the water table has moderate regional slope and
local relief are summarized in table 3.

The effect on the interaction of lakes and ground water
of an extensive aquifer at the base of the system can be seen
by comparing row 1 with rows 2 and 3 of table 3. If an
extensive aquifer at the base of the system has a hydraulic
conductivity 1,000 times greater than till, and the X, /K, of
the ground-water system is 100, the difference in head
between the lake and the stagnation point beneath lake 2is
very small. In this simulation, there is very little change in
the head at the stagnation point for lake 1 compared to the
simulation listed in row 1, but there is water loss through
the bottom of lake 3. If K, /K , is increased to 1,000 (row 3,
table 3), holding all other parameters as in row 2 of table 3,
a very strong divide is established beneath lake 1, and lakes
2 and 3 lose water through most, or all, of their bed (fig.
20).

Evidence that the lakes are independent of each other
can be seen by comparing rows 6 and 7 of table 3. In these
simulations, X,/K, and X,, /K, are both 1,000 and two
limited aquifers are at the base of the ground-water system
at the 0.45L and 0.75L positions. The only difference
between the two is that the water-table mound between
lakes 2 and 3 was decreased to only 0.04T (10 ft; 3 m) above
the level of lake 3, and the upslope side of lake 3 was
decreased t0 0.08T (20 ft; 6 m) higher than lake level for the
latter simulation (row 7). The effect of this change in the
water-table near lake 3 on lakes 1 and 2 is very little,
whereas the head at the stagnation point beneath lake 3
decreases 0.0037T (0.8 ft; 0.2 m). If a limited aquifer is added
atthe 0.15L position, and all other parameters are as in the
simulation listed in row 7 (table 3), the head at the stagna-
tion point on the ground-water divide beneath lake 1
decreases considerably, and there is little effect on lakes 2
and 3 (compare rows 8 and 7).

The effect on the interaction of lakes and ground water
of moving the position of limited aquifers laterally can be
seen by comparing rows 14and 15 of table 3. In the simula-
tion listed in row 14, the aquifer at the 0.15L position is
downslope from the edge of lake 1 (fig. 5). In the simula-
tion listed in row 15 (fig. 21), this aquifer is shifted slightly
in the upslope direction (to 0.22L), so that the upslope part
of the aquifer is partially beneath the downslope side of
lake 1. All other parameters for these two simulations are
held constant. This change lowers the head at the stagna-
tion point near lake 1 by 0.002T (0.5 ft; 0.2 m). Thus, it is
evident that the interaction of lakes and ground water is

sensitive to the lateral position of limited aquifers down-
slope from a lake. The maximum effect is felt if the
upslope part of an aquifer is beneath the downslope side
of a lake, and the aquifer underlies the water-table mound
downslope from a lake.

The effect on the interaction of lakes and ground water
of moving the limited aquifers vertically from the base of
the system to a middle position is similar to the one-lake
situation; that is, the head at the stagnation point is
lowered. (Compare rows 6 and 12, and rows 11 and 19 of
table 3, and see also figs. 22 and 23.) Note that the middle
aquifer in these two simulations is shifted to the right,
from the 0.45L to about the 0.53L position, compared to
the other simulations discussed to this point. This was
done for most of the multiple-lake simulations because of
the findings mentioned in the previous paragraph.

The effect of deep lakes compared to shallow lakes is
also similar to the simulations of the one-lake system.
Comparing rows 9 and 22 of table 3, in which all para-
meters are similar except lake depth, shows the relatively
greater influence on the ground-water flow systems near
deep lakes compared to shallow lakes. The ground-water
divide beneath lake 1 in the simulation of shallow lakes
(fig. 24) has a head at the stagnation point 0.0047 (1 ft; 0.3
m) greater than lake level, whereas in the simulation of
deep lakes (fig. 25), the lake loses water through two-
eighths of its bed. Beneath lake 2, the head at the stagna-
tion point decreases from 0.0147 (3.4 ft; 1.0 m) greater than
lake level in the shallow-lake simulation to 0.0087 (2.1 ft;
0.6 m) in the deep-lake simulation. Beneath lake 3, the
difference in head between the lake and the stagnation
point of 0.004T (0.9 ft; 0.3 m) for the shallow lake, can be
compared to the deep lake which loses water through
three-eighths of its bed.

In most of the simulations of three-lake systems
discussed thus far, K,, /K, and K, /K, are 1,000. These
values were chosen because, as shown in the one-lake-
system simulations, they tend to create conditions for
maximum water loss from the lake to the ground-water
system. It is of interest, therefore, to compare rows 21 and
22 (table 3) and figures 25 and 26. The simulation
summarized in row 21 has K, /K, =100 (fig. 26), whereas in
the latter this ratio is 1,000 (fig. 25). The stagnation points
occur very deep in the system in the former and, in fact, the
local flow cells around each of the lakes extend nearly the
full thickness of the ground-water system and little ground
water flows past the middle lake.

It is evident from the above discussion that, in most
cases, lakes in a multiple-lake system act essentially
independently. Changing the height of a water-table
mound or the position of aquifers by one lake and not by
the others has a considerable effect on that one lake that is
similar to the equivalentone-lake simulation. The change
may have a minor effect on an adjacent lake, changing the
head at the stagnation point, for example, by perhaps
0.0004T to 0.00087 (0.1 to 0.2 ft; 0.03 to 0.06 m).
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The only situation where a considerable effect is felt on
the lakes is in the case of extensive aquifers within the
ground-water system, and whereX, /K, andK,,/K, are
large (row 3 of table 3) (fig. 20). In this case, and there are
similar cases in the one-lake settings, there is massive
downward movement of water in the upper region of the
ground-water basin and massive upward movement in the
lower region. The great difference in head between the
lake and the stagnation point associated with the lowest
lake seems to be established because of the large influence
of the water-table mound on the downslope side of that
lake. If the water-table mound were not there, there would
be massive upward movement on the lower side of the
diagram and the hinge line (the point at the water table
separating regional recharge from regional discharge)
would be near the middle of the diagram. Apparently the
mound is sufficiently strong to cause downward move-
ment that will not be overcome, but instead, will be
responsible for a strong ground-water divide that has a
head at the stagnation point of very large magnitude. It is
interesting to note in this case that the stagnation point is
not beneath the lake. Rather, itis downslope from the lake
and is nearly directly beneath the highest part of the water-
table mound.

LOW REGIONAL SLOPE AND LOCAL RELIEF

A series of simulations were run of a multiple-lake
system in which regional slope and local relief were kept
relatively low (summarized in table 4). The length and
thickness dimensions of the multiple-lake system that has
low regional slope and local relief are unlike those for the
system of moderate slope and relief, thus the proportions
of the features again are different. The thickness of the
system ranges from 7 (160 ft; 49 m) on the upslope end to
0.60T (100 ft; 30 m) on the downslope end of the section.

The water table on the upslope side of all the lakes is
0.13T (20 ft; 6 m) higher than the adjacent lake level, and
on the downslope side is 0.06T (10 ft; 3 m) higher. The
difference inaltitude between the lakesis 0.06 T (10 ft; 3 m).
Only shallow lakes 0.067 (10 ft; 3 m) deep are simulated.
The aquilers are 0.067 (10 ft; 3 m) thick, and the limited
aquifers are 0.13L long.

A ground-water system that has no aquifers is shown in
figure 27. Ground-water divides of equal size and strength
(the difference in head between the lake and the stagna-
tion point is 0.027 (3.0 ft; 0.9 m) by each lake) occur
beneath each lake. It should be noted that simulations of
this system of lower slope and relief differ somewhat from
the other three-lake system discussed previously in that the
water table relative to lake level by the highest lake is the
same as by the two lower lakes.

Simulations that have extensive aquifers at the base of
the system, K, /K, =100, and K, /K,=1,000 (row 27, table
4), show no water loss from any of the lakes for any of the
simulations. This is true also if the hydraulic conductivity

ratios are reversed; that s, K,, /K,=1,000 and X, /K, =100
(row 28, table 4). In simulations that have both ratios at
1,000, a ground-water-flow pattern similar to the other
three-lake system occurs—there is water loss through the
entire bed of the higher two lakes and a divide established
beneath the lowest lake (row 29, table 4).

In simulations that have limited aquifers beneath the
water-table mounds between the lakes, and the up-slope
edge of the aquifers are partly beneath the lake, a ground-
water divide occurs beneath the lake, although the
difference in head between the lake and the stagnation
point of each is rather small (fig. 28). This result holds
even when the limited aquifer is moved to about0.137 (20
ft; 6 m) below the bed of the lower lake.

In the three-lake system that has low regional slope and
local relief, it appears that the ground-water divides tend
to be slightly stronger in most cases than where a higher
regional slope is simulated. The slope of the water table
from the lowermost water-table mound to the left edge of
the hydrologic sections in the simulation of moderate
regional slope, shows a drop of several tens of feet. The
water-table slope in this same part of the section, in the
simulations of low regional slope, is essentially flat,
resulting in very slow ground-water movement. This very
flat water table near the valley of the major drain on the
system acts as a ‘‘check valve” on the entire system and
tends to increase the tendency of the lakes to have stronger
local ground-water-flow systems than in conditions of a
higher-sloping water table.

In none of the simulations does water move from one
lake to the next downslope if there is a water-table mound
between the two lakes. Even if an upper lake loses water to
the ground-water system, the movement generally is deep
to the system and the water moves beneath the local flow
systems associated with lower lakes. Thus, even in settings
where lakes occur at various altitudes down a sloping
valley side, each of the lakes, for most settings, acts as an
independent entity and has little relationship to lakes
either upslope or downslope from it. This conclusion
gives increased importance to the summary table (table 1)
of the one-lake system.

The effect of reservoir thickness on ground-water-flow
systems is extensively discussed by Téth (1963), and to a
lesser extent by Freeze (1969b). The general effect of a thin
ground-water reservoir is that regional flow does not occur
for many settings, especially if regional slope is low. To
check the effect of a thin ground-water system on the inter-
action of lakes and ground water, a setting was simulated
that was 100 feet (30 m) thick on the upper end of the
section and 50 feet (15 m) thick on the lower end. The
difference between the section and figure 29 is that the
local flow systems associated with each lake extend to the
base of the ground-water reservoir, and regional flow does
not occur (row 33, table 4).



INTERACTION OF LAKES AND GROUND WATER

32

*wo3sks 1ajem-punoild moTTeYSg
*Aep/33 0°00Z=wd3s4s 3y,

*Aep/33 7-Q=we3ske ¢
‘uiseq ay3 jo yj3usl [INJ PuUSIX® JoU 8IOP uwuﬁsde
‘urseq aY3 jo yidue[ [InJ spuaixe umu«:vﬁ

(Ma ©)a ¥) 44
L0 870 ¢ W.o X x : b X X X X X [c67°9781-9  £F
(T0)& 7'z 1z X X X X X X X x X |orsciot-9  ze
L°1 6°1 9°1 X X X < X X X X X X X |62°62:9T-9 1€
X X X X X X X X1 26'9:TT~9 0
8/8 8/t . 6°€ X X X X X X X X X X | 9T°S:11-9 62
8'1 8°7 X X X X X X X X X X 8€°2:6-9 87
7°0 6°T L'z X X X X X X b'e X X 96°7:6-9 T
o€ ot o¢ X X X X X X X X X |p9€°6:T-9 of
0'€E 0°¢ 0°¢ X X X X X X X X X | ZT€°6:9-9 ¢z
(3993 ur) (3993 uy) (3923 uf) 4 =] ] I =] e o o ojle o o P IZ0T 0T]01 ,01] o
193em | Taa2T ¥jey a93em| 19A9T el 193eM | T2AST el % I =3 = ] I o un Wl v ow (38 28 & z
sos07 [oaoqe utod sasoT laaoqe jutod soso7 lsaoqe jutod BEARER e|e . g @ g7
eyl ' uorjeudels ey, uorjeudels eyl , uorieuseis FY m 2 ...Nm. m.n
paq 30 jo pesy | paq 3o 30 peay | paq jJo jo pesy | odoys adorsdy | odors odoysdy | adors  adoysdp 1Sw°0| oseg A/bER | AM/UA M.H ® n
Jusoaag | 3o IyBreg | Jueoasg| yo IYBTPH |3Iusdawg 30 ysyey | -umop —umop —umop ajer [ mw
e 2 e \ o184 ﬁ by
o e Lo £ ¢ e 1 e Uiotivsod TiRby ] g
(ssom{dTy3 wo1sks Te101 03 PATIETII)
19AaT el daoqe 2Tqel Ialea jo IYSteH
Jorja+ 120 puv adojs pu0raL Moy SPY 219V 41PM ISOYM WSS 2YV)-1GU N Jo suoyTNWLS Jo KivUUNG—"p TTAV .
*¢ ojel woxj adorsdn sseq e asjnbe .Hmwunmmn
*1€6°0 03 7IGy°Q Woiy PaIITys 1a3Inbe ‘ux¢ ‘urseq 243 jo yiBue TInJ puaixa jou s20p nwuﬁ.vtu
*122°0 031 ISI°Q WoaJ paiyTys aazrnbe .qu ‘ugseq syl jo Y3aBudy TInJ SpusIxa uwuw_..vﬁ
I
8/S 01T 8/% X X X X X e X ¥ sX X X X 61°92:€2-6 e
8/t (1°0)au ozl x| x p < % | xusx _ X x| x c0'8:92-§ €2
8/¢ 12 8/t X X X X s X X 34X SX X X X 6% €T 1C-¢ T
1’0 awey 9°T X X X X X X X ¥ sX X X | X ET-TT:ze-S T2
8°0 C (33 X X X X X X X X X €y°Li61-6 0T
9/t 81 9/2 X X X X b'd X X ¥X sx — X X X LI°0T:€T-S 6T
9/T '€ €I X X X X X b’ X ¥ s¥X X X X 0L°9:61-¢ 8T
A4 9/2 X X X X X b’ X ¥ sX X X X 62°8T:22~6 LT
9/¢ 11 X X x X X X ¥ X SX _ X X X 09°5:21-S 9T
9/¢ [ 10 X X X X X X X X sX _ X X X 7T°11:8-6 ST
9/¢ [ 4 1°0) X X b'd b'e X X X X X X X X 66°%:6-6 %1
9/¢ L1 Syl x X X X X X X X X X X LST61:L-6  E1
1°0 8°1 vy X X X X X X X X X X X 86°0z:62-% T
1°'C LT 9°0| X X X X b’ X X ¥ sX X X X TS 0T:HT1-S 11
[ (A3 0°I[ X X X X X X X X SX X X X £L°9:91-6 O
6°0 7°€ 01 X X X X X X _ X mﬁm ySX X X X $6-02:22-S 6
€0 (4 LT X X X X b X X X X X X X $8°0T:2¢-5 8
€0 Lz o'yl X X X X b X X X X X X 02°TZ:1-S L
11 8°C Y X X X X X X |1 X X X X X §6°0T:%C-y 9
6°0 [ (2793 X X X X X X _ X X X X X {80°0Ti6z-7 &
(8°0)au (7°9)ay (6°8)ad X X X X X X () X X X | LS vty Y
9/9 9/S €°8 X X X X X X X X X X 96°9T:62-y €
9/9 z°0 7€ X X X X X X X X X X 0L°S €Ty T
T 8t 1€ X X X X X X X X X £9°82:22-y 1
polpe o olpoloeopeloo|e 200 mmmTanmmmo:o:o:Smm
o oleo 0 = v|lo olo B = pio 2|l & BN Pl i v Slg 213 s B
(3993 ur) (3993 u1) ooy uyy (5 ®I® N O SIE @@ N & SE @ MO LRl g B[ °I° A = zoqunu Wm.
T80T T9A91 12827 _! € bopieor3TIwepr § °
197em | o9eT oaoqe | isjem | ojey PsAoqe | 193em | el daoqe N vorsernmrs |
s280T Jutod §980T 3utod §980T Jutod 10€ 0 aseqg A/vey Aq/qi| yadep
Jey3 | uorleusels eyl uotjeudels yeyy uorjvudels;adoys adoysdp |odots adorsdp [odoys adotsdp _ e
peq jo | 3o pesy paq 3o _ Jo peay peq jo Jo peay Fala izt LInd
jusoaeg | 3o 3ystep | wedasg | jo 3uByen | Iuedasg| yo uBTRH uoy3rsod 133Fnby
€ oye] Z el 1 3je1
EEYGLLT]
12A9T @je] oAoqe 9Tqe3 193EM JO IYBIOH

Jor124 1v30] puv 2qops [vVu015a4 HyvIpOW SUY 319D} 4aEM 2SOYM WISES 2yv]-2)dunw fo suOUBINULS fo KivuwUNS—'g TTAV ]



33

MULTIPLE-LAKE SYSTEM

‘W)sAs ) JO Iseq Y 1k AIANINPUOD dI[NeIpAy
yS1y £A[eane[a1 Jo 1einbe dASUNXD UE SBY 1B WANSAS IYe[-9[dN[NW B JO IIOAISSII I9eMm-punorS oY) ur pesy dI[neIpAY Jo uonnginsip SUrmoys uondas JISO[OIPAH—0g FANOI]

(=] = (o]

. . o . . . . . L] .. -o.o.nt- oo o
et tant tantngnt oy es dau et u 0du et u 08 cous 0 0bago et o0l one®d a0u et s ot o ae 0l a0 en e e 02 ¢'y0% 0 ® 0y 0% o ® o'g0® e B BCOH
..... PR R O T W R T T D T R S D O DS AN SO oo 2 %0 %00 2 e S0 n & e R ISR

.00 ..-..
['0® o0 ® "% 0'g0® eqo
29 S 88 20080032 00

oLak:

/

N

apnillje axe’] / o)} b

1aquinu axeT o % 0001t =%y / "Cy
[6)]

000°'L ="y / Iy

L ‘Biy wr paulejdxa
ase susaned 1By10

‘ajqeLiea sj jeniayuf

‘wniep piepuels

€ aAoqge 1994 ul ‘|eilus)
-od o1jneapAy jenba jo aui]

0€¢

SY313W 0001 0

! | 00
1334 000€ 0

*199 Ul ‘|aA3| 3XE| aAOTR pPeay Si Jaquuny

ale
“Jurod uoneubels jo AHUIDIA |eIBUSS weJbelp siy1 03 paljdde aq pinod IIc.InWM“>|>II
pmmm—y Jey) sajeas onsijeal jo ajdwexy 0561
(&8} 1334 SH3LawW NOILVNV1dX3



INTERACTION OF LAKES AND GROUND WATER

34

WSS 3Y) JO S[PPIW 3 UI U XD PaIrul| Jo sIdjinbe pue
$1YSIaY SNOLBA JO SpUnOW S[qel-INeM Sey 1Y) WsAs e[-a[dn[nul © JO IT0AIISAI INEM-PUnoIS oy Ul peay JInelpAy Jo uonnginsip SUrmoys uondas JISO[OIPAH—'[Z FUNDL]

wWw w w W DN N N
N - - - o OO o o
[@]<(+] N (@} (@] N O (¢)] o

R SRR R IR EIR 5D
%8 0% 0%0 0%0 00 6%0 0%0 0°c 0% 'a
00 S we 300200200 20200300200l

N
L
o

NN
(e)]e))
- O

AT ANTY
MOED

0l e L%
%0 0% 0%¢

.
e 2 a0 8 o0

N N NN
N OO
o O O O

()
~~ o)
"apnie mv_m._\ \w - N.u e’
Jaquinu ayey o
\t\
/ RN
—_—0 Pt
..% SH3.13W 0001 0
_ _ 00
1334 000€ Y
*199} Ul ‘|9Ad} axe| aAOgeR peay si Jaquing
juiod uoileubels JO ALIUIDIA jeIBUAD) weubeip syl o1 paljdde aq pjnod
oo 1BY) sajeos dnisifeal jo ajdwexy 0561
A 1334 SY3ILIW

)

s bi
000'L =%y / &y
000°L ="y /Yy

| ‘61 ui paujejdxa
aJe swdlled 8yl

‘ajqeiien sj jeasajuf
‘winiep pJepuels
B anoqe 133} Ul ‘|eliual
-od oyneJpAy jenba jo aui
oge

ajqe} 1918\

NOILVNVIdX3



35

"WNSAS 9Y) JO IsBQ YD 1B JUIIXD PANWI] JO
symbe pue spunow J[qel-131Em MO[ SeY 1e) WASAS e[-3[dN[NW € JO II0AIASAI 1em -punoIS Y Ul Peay SINEIPAY JO UonNGILSIP SUIMOYS UONI3s JISO[OIPAH—'ZZ TUNOL]

wWw W W W N N N ) N N MONDON
NN - - O ©© © o ~ o0 O OHh W N
-0 O O O WN o =) O —O O 00O O

e o070 sV 0 s 070 870 e 0lave o0 0
B R s
AT AT EPLl ety

0% e ® o0 ® e "00 Cec ®oe’ es oo o
@200 Sanes s oo g0 sos s ee oo s en
ERAR IR RLRFII AR FL R R FA P

(900,00 000 %0 00 050 000 000,000,

% 0% o

=
m \\ll -\\
()
“ 7 -t
¥ o
<
3 ’ g
= 7 000'L="y/ "%y
.mH.. \\ fo)) 1 _A y
m_ T \ \ov:u_:m mv.mu_\\w = 000°L ="/ "y
= g , / — Jlaquinu axjeq) | "By ul paurejdxa
%& & %M ase susanled Jayl1Q
, 0% 0% 0 ) Q®
‘ajqeLien Si [BAIa)U)
= % ‘wnlep piepuels
o SH3I13IW 0001 0 B aAoge 1334 Ul ‘|enual
1334 coo_ m_ _ o_ 00 -od o1jnespAy jenba jo sui
0€c
*19a4 Ui ‘[9Aaj] 35| aA0de peay Si JaquIN
‘1utod uoileubels Jo A11UIdIA |e1aUdD weubelp siy1 01 patjdde aq pjnod Ilomu_w Mwm.w@ll
e 1Y) $3|ROS D11sl|eas JO djdwex] 0551

v Y ]
{9 0/ 1334 SH3LIN NOILVNV1dX3



INTERACTION OF LAKES AND GROUND WATER

36

"wSAS Ay JO IppIwr Y UT JUINXI PATWI] JO

wWw W w W NN N N N NN N
N - - - o ©o © © o ~ [e216)] (&)
o © o o O N -t (] O Q o O %4

sivjinbe pue spunow J[qel-191eM MO[ Sey Jeyl walshs axe[-3[dn|nuw B JO II0AIISII JI1eM -pUNOIS 1) Ul pesy JInelpAy Jo uonngrnsip SUImoys uonodss d1S0[OIpAH—'gZ NI

S
ov
o€
0ce

R T T et s s A T e ...
0 0% %0, 0%0 900 00,090,000, 0% s
3% %0 8% 3% 00n 8%a %0 200 2 %)

00 0000
2002 00 %o

\\
< spninje s_m._\ \P ©

Jaquinu axye

SH313W 0001 0

_ — 00
1334 000€ 0

*1934 U} ‘|aA3| 3> .| anoge peay st Jaquinp
Jutod uonjeubels JO A11UIDIA |BIBUID)

weJsbeip siyl o1 payjdde aq p|nod

Lo 1eyl sajeos onsijeas Jo sjdwexy 05-+Sl1

’ . )

(8L 1334 SH3ILIW

~———

DD ODHDH

2 2% 200 HK ° 2%
0,0%0,0%0 %0 0% 0%s 0%0,0% 0%0 s

\\ O O N %/(ﬂl“‘\

o

po— -

S N

¥ o
000°L = *x / P&y
000°L ="y / Yx

1 ‘B4 ur pauiejdxa
aJe susaned JaYy10

‘ajqelrien si [eaiayuyf
‘wniep piepuels
e anoqe 19384 Ul ‘|leIusl
-od 2jjneipAy jenba §o aui
01574

a|qe} Ja1ep

NOILVNV1dX3



37

MULTIPLE-LAKE SYSTEM

“WIASAS Y Jo Iseq Y 1! JUANXS pATW] JO
s1dyinbe pue spunow aqer-1em ySiy sey eyl wasis ae[-a[dn[nur e JO IIOAIISIX INeM -PpunciS oy Ur peay JINeIpAY Jo uonnginsip Surmoys uondss dISo[oIPAH—'pZ AU

w Ww W w W NN N N N [NV R\ NN N N
w NN = - O 0o © o ~ no Oh @ N
(@] 20 O o o HW o O o Yo OO O O
\I_Gl\\
7 -
o

000°t = *x 7 P&y

v
N
\\ » N\ 0L = A Yy
ﬁca_zm o m._\ \- ¢ w N 000t ="X/ "y
Jaquinu aye o 1 b1y ur pauiejdxa
ale suianied Y10
e ‘ajgerien sy jeasdyuy
P ‘wniep pJepueis
==L S4313W 0001 0 e anoqe 1394 Uj ‘jerius)
o 1334 ooo_ e 0 010 -od 91neapAy [enba 4o aui
0€c
*199} Ul ‘|ana) axe] anoge peay i 1aquinp S
-Jujod uonreubels Jo AllUIDIA [RIaURD) weubelp sy 03 pajdde aq pjnod ILMM.WM al>bll
\&:/ 1BY) s9jeos d11sijeal 4o ajdwexy 056Gt
~\ - \u

Nl 1334 SH3ILINW NOILVNVIdX3



*000°1="Y/ "y pue ‘waisks ay JO aseq oY1 18 WANX2 panw| Jo syinbe
‘spunowr J[qer-1dem ySry ‘sadey dasp sey jeyy walsds ael-a[dn|nWw B JO II0AIISII I91eM -PUNOIS 3Y) UT Pedy dI[NeIpAY JO uonnqnsip Surmoys uondes J180[0IPAH—'GZ FUNOI]

WWw W w W PN NN N NN NDNINDNDN
N - o oo o ~ (o)1 16} o HdO DN
QO O (=] O WN O o O (=] QOO O o000 O

DMIOrD
i P s%ee 8% 30 200 2 00 S e
i 020 0% %0 0%, 0°%0 0% 0%0,

%00 C ou S 60 S 083 008 w0l o, en

|

000°L = * /7 P&y

7/
\,Mv:t:m mxm._\ }
: /
Jlaquinu aje i ‘Biy uy paurejdxa
ase susenied LYIQ

\
NN’ 000'L =y /Yy
o

‘ajqelien s| jersanuf
‘wniep pJepuels
SY3 13N 0001 0 B 2AOqR 129} Ui ‘[eRUd)

]
1334 000 0 00 -od oijne4pAy [enba ﬂumumN:_._

INTERACTION OF LAKES AND GROUND WATER

*133} U] ‘|ana| axe[ aAOqe peay St Jaquinp ;
-utod uoneubels Jo AJIUIDIA ei2USD) weubelp siyy 01 patjdde ag pinod
S jey) sa|eas ansi{eal jo ajdwexy osJ-St

ke s 1334 SHILIW NOILYNY1dX3

a|qel 4318

38



39

MULTIPLE-LAKE SYSTEM

"001="y,/"y pue ‘woisks oy Jo 3seq I B JUAIXD pAyTUI JO SIyINbe

‘spunow J[qel-1rem YSry ‘savye dosp sey ey wANsAs e[-o(dnn e JO IIOAIISIX IANEM-pUnoiS Y3 Ul pesy dneipdy Jo uounnquistp Suimoys uonIds NFO[OIPAH—9g TANOL

W w W
£ (] N
o o -

‘1824 Ul ‘|9A3| 3>e| 8AOge peay Si 1sguiny
‘jutod uoijeubels 4O A1IUIDIA [e1BUBD)

ww NN N N
- O OO N [+
(o N HOO O N
(o>
v )
L7 / NN
‘ 7 apminje e \.. - M
N d Jsquinu axe
© \
S O O
o

SH3IL3IW 0001 0

_ | 010
1334 000€ 0

weibelp siyl o1 paijdde aq pjnod
jey) sa|eas diisijeas Jo ajdwexy 0551

1334 SH3ILIW

OBZQ

NN N
Ao N
o000 ©

N

Vs -

\\v ©
7

L7 0001 =Ly / P8y

00 ooL ="y, "y

L By uy paurejdxa
aJe susalied 1810

‘ajqelrien si jeasduf

‘wniep piepuels

e aAoqe 199) Ul ‘jennual
-od o1neapAy [enba jo aury

(01574

a|qel 1918\

NOILVYNV1dX3



INTERACTION OF LAKES AND GROUND WATER

40

‘siojinbe

ureuod jou seop pue >dofs [UOLSa1 Mo[ sey Teys wasds ae-opdunui € Jo I0AIdSal 191eM-punoid oyl Ul peay JYneIpiy jo uonnquusyp Suimoys uondas JSO[oIPAH—'LZ TdNOI]

N

-

(=]

N N N N N N N
o N » w w N N
o ) o w = (X o
oe
-~ &
(032 i
0t~ :
] | \owm NS
P d > %% apninije axe \— o
) Wen Jsquinu axe-y
o
o

SH3L3IW 0001 0

_co

1334 000€ 0

*1994 U ‘|anaj axe| anoqe peay S| Jaquinp

6 dd [o}
‘Jutod uonjeubels Jo A11UIDIA [BIBUSE) weJbep siy1 01 pajjade aq pinod
. T 1eyY] sajeods d11s1jeal JO ajdwex3y 05-+61
MR O 1334 sy3Law

‘
N
o
(4]

000°'L ="y / Yy

| Bty u1 pauieidxe
aie suJalled JaylQ

‘a/qeliea si [easd1uf

‘wniep pJepuels

e anoqge 1984 uj ‘jerual
-0d oijnelpAy jenba jo auin

0€e

a|qel Jalep

NOILVYNV1dX3



41

MULTIPLE-LAKE SYSTEM

N N N
[ H »
o (34 [y

*WIAISAS Y JO S[PPTUWL ) UT JUANXD PATWT]
jo sigpnbe pue adojs [euoi8ar mo| sey i1eyr walshs Afe[-o[dBNUI B JO ITOAIISIL IS1EM-pUNOIS ay) Ul peay JTneIpAy Jo uonnqunsip SUrmoys uond3s J130[OIpAH—'8Z FUNOI]

N N N N N
H w W (%) N
o [3) - (=] (&)

gg¢

*399} Ul ‘|9AS] 9B} 9AOCE peay S Jaquiny

“*Jujod uoiieubels Jo ALIUIDIA jeldUaY)

o,

e SeP

]
X0}
'~ N/

N
N

-

N
N
o

-~ I -
2 WMW apniiije ayeT / o
3] JRquinu ayeT
SH3I13IW 0001

weubelp siyy 01 parjdde 8q pjnod
1Y} $a8|eods diisijeas 4o sjdwex3y

0

]

1334 000€

00

0s
1334

N

-

o

S0c

000't="y/"8y 000t =¥/ Yy

Sl
SH3I13IN

1 By uy paurejdxe
aJe suwianied JaylQ

‘9jqeliea st [easduf

‘wniep pJepuels

e aAOge 1894 Ul ‘|enual
-od 2ijnespAy jenbs jo aui

0504

a|qe1 se1ep

NOILVNV1dX3



42 INTERACTION OF LAKES AND GROUND WATER

QUANTITATIVE ASPECTS OF GROUND-WATER
INTERCHANGE WITH LAKES

Most of the discussion to this point is concerned with
the qualitative aspects of the relationship of ground water
to lakes. Attention is focused on factors that control the
presence and strength, or the absence of a ground-water
divide beneath a lake. The importance of the position and
head relative to lake level of the stagnation point of a
ground-water divide, if present, is stressed. Not only is the
basic presence or absence of a divide of interest to those
concerned with lake hydrology, but the quantities of water
involved are also of great interest.

The basic concept of a flow net is presented in the dis-
cussion of ground-water-flow diagrams. It is pointed out
in that section that figures 4 and 5 are not quantitative
flow nets in the precise meaning of the term, because the
ground-water reservoirs they illustrate are considerably
anisotropic and vertical exaggeration 1is great.

A quantitative flow net can be used to calculate ground-
water discharge through an isotropic medium using the
following form of Darcy’s Law (Freeze, 1969b):

Q=K l%_?wAm, (2)

where Q =discharge through a segment of the flow net,

K ~=hydraulic conductivity,

A% =drop in hydraulic potential between equipo-
tential surfaces,

As length of flow path in the segment of the flow
net,

Am=width of the segment of the flow net perpendic-
ular to the flow direction, and

Aw =thickness of the flow system perpendicular to
the plane of the diagram.

Taking a unit thickness of the system (w=l), and
considering that for the squares of the netAs=Am, equation
2 reduces to

Q=KA® 3)

Useful properties of a flow net are that discharge in each
flow channel (zone located between two adjacent flow
lines) remains constant throughout its length, and equal
quantities of water move through each flow channel. In
spite of the fact that figures 4 and 5 cannot be used to
accurately calculate discharge, they are useful in
estimating relative quantities because the proportions of
flow between the various flow systems (local, inter-
mediate, and regional) remain constant.

Referring to figure 4, it is shown by relative spacing of
stream lines that much more water moves through the
local flow systems than the intermediate or regional
systems. The difference in quantities of flow between the
various flow systems is not as great in the situation repre-
sented by figure 5, partly because of the relatively weak
local flow near, and the leakage from, lake 3.

The relationship of ground water to lake 3 of figure 5 is
of interest when considering quantities of flow into and
out of the lake. Despite the fact that the lake loses water
through at least half of its bed, the flow netindicates more
ground-water gain into the lake than loss out of it. Not
only is the loss relatively low when considering only the
hydraulic potential distribution, but most of the outflow
must be through the bottom sediments rather than
through the littoral zone, which is true of nearly all situa-
tions where lakes lose water to the ground-water system.
From equation 3, it is clear that Q must be rather low if
both K andA® are low. This pattern of inflow in the littoral
zone of a lake, even on the downslope side, and loss, if
present, through the lake sediments is a common
phenomenon in nearly all the simulations in which loss
occurs.

McBride (1969) found that the inflow to Lake Sallie,
Minnesota, is greatest in the shallows near the shoreline
and decreases logarithmically toward the deeper part of
the lake. He later showed, through a modeling approach
(McBride and Pfannkuch, 1975), that this is a general
phenomenon. It can also be corroborated by a detailed
flow net analysis.

The results of this study and those of McBride are
important to the calculation of water budgets for lakes.
Because even if a lake loses water through much of its bed,
the quantity of ground-water gain in the littoral zone may
be considerably greater than loss through the sediments of
the lake.

The other important factor in calculating the quantities
of ground-water interchange with a lake is the hydraulic
conductivity (K) of the ground-water system. Specific
values of hydraulic conductivity have been mentioned
little in the discussion up to this point, because in the
models all X values are relative. If hydraulic conductivity
is changed from 0.2 ft/day (0.06 m/day) to 200.0 ft/day (61
m/day), but all the other K values in each simulation are
changed accordingly, the resulting head configurations
are identical. (Compare rows 25 and 26 of table 4.)

If interest is in quantities of ground-water discharge, for
use in determining water budgets for example, specific
values of K are extremely important. (See equation 3.)
Obviously, far more ground water will interact with a lake
situated in highly conductive rock material such as sand
and gravel than a lake situated in silty till, provided the
hydraulic gradients (a¢) are similar.

AREAL AND TEMPORAL VARIATIONS

The hydrologic sections discussed in this report
represent a two-dimensional vertical view of the ground-
water system. By carefully selecting the line of section on a
map, the general qualitative interrelationship of lakes and
ground water can be adequately determined. To assure
areal coverage of the lake’s entire ground-water basin,
however, a more accurate analysis of the entire drainage
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basin of a lake would have to consider radial flow. Perhaps
the best approach would be to use three-dimensional
modeling techniques which have recently received much
research attention and are becoming available for general
use. Until three-dimensional models of ground water flow
near lakes are operational, an alternate approach to
providing areal coverage is to run two-dimensional
models of selected lines of section. (The lines of section
must be chosen so they radiate from a lake and are repre-
sentative of a pie-shaped part of the ground-water system
near a lake.)

Because the ground-water system is dynamic, a steady-
state hydrologic section can be representative of a system
in which changes occur very slowly over a period of time.
If lake and water-table altitudes change rapidly, the most
accurate analysis would be to solve the equations of
transient ground-water flow. Examples are lakes in a
setting of widely fluctuating water-table and lake levels,
especially if the changes are out of phase with one another,
or are much greater in one than the other. Not only would
flow nets be needed to calculate the changed rates of
ground-water discharge but the basic relationship of a
losing versus a gaining lake might be changed. An
example of this is given by Meyboom (1967), who found
that some lakes in the prairie provinces of Canada are
underlain by ground-water divides for part of the year
(spring and sunimer), but lose water to the ground-water
system for the remainder of the year (fall and winter).
Depending on the accuracy needed for calculation of
ground-water discharge, sections would have to be drawn
to reflect the changing conditions.

There are probably many lakes in hydrogeologic
settings where the trends in lake levels and water-table
levels are essentially parallel for most of the year (Winter
and Pfannkuch, 1976; McBride, 1969). In such situations,
hydrologic sections would be needed for one time oronly a
few times during the year. Freeze (1969b) argues, in
considering large basins, that the effect of small-scale
cycles of wetting and drying during the year can be
approximated by a steady-state average.

The most likely situations where hydrologic sections
would be needed for more than one or two times during a
year would be if: (1) A large rise in lake level would not be
accompanied by a similar rise in the water table—for
example, a flood wave passing through a lake that has
streamflow in and out or a large drop in lake level caused
by release of water through a dam, or (2) a large drop in the
water table were caused by discharge of ground water by
phreatophytes, or by dissipation of water-table mounds
because of lack of rainfall. Both latter conditions had a
bearing on the results of Meyboom’s study.

IMPLICATIONS FOR FIELD STUDIES OF THE
INTERACTION OF LAKES AND GROUND WATER

It was pointed out in the introductory paragraphs of this
report that a number of different approaches to studying

the relationship of ground water to lakes have been tried.
Some workers have thought that a single piezometer
(observation well) beside a lake would adequately define
the relationship, while others have placed large numbers
of piezometers near a lake. Knowledge of the possible
variations of ground-water flow systems near lakes, as
demonstrated in the simulations of this study, suggest
placement of piezometers that would optimize informa-
tion on the interaction of lakes and ground water using a
minimum number of piezometers.

Rather than place piezometers within the drainage
basin of a lake, most effort should be on finding the
maximum altitude of the water-table along the areal
ground-water divide around a lake where such a divide
exists. For flow-net analysis it is necessary to find this
water-table-mound maximum and to place a piezometer
on it for each segment of the lake’s drainage basin where
different ground-water-flow patterns are suspected. As
seen from the simulations, one of the most important
locations is the height of the water table above lake level on
the downslope side of a lake.

Finding the maximum height of a water-table mound
can be difficult. It has been demonstrated a number of
times in the field that water-table mounds do not underlie
directly topographic highs. Topography is not shown on
the hydrologic sections—one can visualize topographic
highs anywhere along the sections. In addition, the
accessibility of roads and the need to obtain the land
owner’s permission is an important constraint in locating
drilling sites and observation wells. It is easily demon-
strated in any of the simulations of a three-lake system (fig.
4, for example) that a piezometer placed closer to lake 2
than lake 3 along the water-table profile between lakes 2
and 3 would record water-table altitudes lower than the
level of lake 8. One would conclude in this case that, since
the water table at that point is at an intermediate altitude
between the two lakes, water flows from lake 3 tolake 2, an
erroneous conclusion reached in many studies of lake-
ground water interaction in which few wells are placed
and the principles of ground-water flow near lakes are not
understood.

In addition to locating key points along the water-table
divide around a lake, it is important to know the location
and head relative to lake level of the stagnation point on
the ground-water divide beneath the lake, if such a point
exists. This is best accomplished by placing a nest of
closely spaced piezometers, each completed at a different
depth, in the most appropriate location. As suggested by
the simulations of this study, the most appropriate
location to look for the stagnation point is beneath the
shoreline on the downslope side of the lake.

Data on the other factors that control ground-water flow
(hydraulic conductivity of the various geologic units,
hydrogeologic boundaries, location of aquifers) are not
easily obtained, but there are accepted methods for
acquiring them.
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Field determination of the critical K} /K, ratio, on the
other hand, is a serious problem. Although it has not been
field tested, the method of determining K;/K, from
measured head values proposed by Gillham and
Farvolden (1974) may prove useful.

SUMMARY

The relationship of ground water to lakes is the least
well known aspect of lake hydrology. This reportdiscusses
steady-state digital-model simulations of ground-water
flow near lakes as a first step toward a general theoretical
understanding of the interaction of lakes and ground
water. Numerical-model simulations were run to define
the principles of the interaction of lakes and ground water,
and to evaluate parameters that control ground-water flow
near lakes.

The numerical models, using the alternating-direction-
implicit (ADI) and strongly implicit procedure (SIP)
methods to solve the steady-state ground-water-flow
equation for vertical sections, were used to simulate one-
lake and multiple-lake systems.

The report demonstrates by analysis of ground-water
flow in vertical sections that the existence, position, and
head value at the stagnation point of the ground-water-
flow field, relative to the head represented by lake level, is
the key to understanding the interaction of lakes and
ground water. The stagnation point is the point of least
head along the divide between ground-water-flow cells
beneath a lake. Therefore, if a stagnation point exists, the
divide is continuous, the lake cannot leak, and it is the dis-
charge point of the ground-water flow system. If there is
no stagnation point, the ground-water divide related to the
lake is not continuous, and the lake can leak through part
or all of its bed.

Factors that strongly influence the interaction of lakes
and ground water are height of the water table on the
downslope side of the lake relative to lake level, position
and relative hydraulic conductivity of aquifers within the
ground-water reservoir, ratio of horizontal to vertical hy-
draulic conductivity of the ground-water system, regional
slope, and lake depth. Of lesser significance to lake-
ground water interaction are height of the water table on
the upslope side of a lake relative to lake level, ground-
water reservoir thickness, and presence of lake sediments.

The models are believed to be the first to show the
detailed patterns of ground-water flow beside and beneath
lakes in a wide variety of hydrogeologic settings. They are
unique because they show ground-water-flow patterns
beneath and between a series of lakes, each at a different
altitude, along a valley side. A significant finding is that,
for most settings, water does not move from higher lakes
through the ground to lower lakes if a water-table mound
exists between the lakes. This can happen only if one
presumes a straight-line water-table profile connects the
lakes.

In field studies of the interaction of lakes and ground
water it is especially important to define the geologic
framework including the hydraulic conductivities of the
geologic units—the boundaries of the system, the ratio of
horizontal to vertical hydraulic conductivity, the height of
the ground-water watershed relative to lake level, and the
strength (head at the stagnation point relative to that
represented by lake level) and position of the stagnation
point.
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